Cell-cycle control of transcription seems to be a universal feature of proliferating cells, although relatively little is known about its biological significance and conservation between organisms. The two distantly related yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe have provided valuable complementary insight into the regulation of periodic transcription as a function of the cell cycle. More recently, genome-wide studies of proliferating cells have identified hundreds of periodically expressed genes and underlying mechanisms of transcriptional control. This review discusses the regulation of three major transcriptional waves, which roughly coincide with three main cell-cycle transitions (initiation of DNA replication, entry into mitosis, and exit from mitosis). I also compare and contrast the transcriptional regulatory networks between the two yeasts and discuss the evolutionary conservation and possible roles for cell cycle-regulated transcription. 
INTRODUCTION
Proliferation of all cells is mediated through the cell-division cycle, which consists of four main phases: genome duplication (S-phase) and nuclear division (mitosis or M-phase), separated by two gap phases (G1 and G2). Transcription of a number of genes peaks at specific cell-cycle phases. This first became evident with the discovery that histone mRNA levels oscillate as a function of the cell cycle and peak during DNA replication in both budding and fission yeast (67, 106) . Since this finding, hundreds of genes that are periodically expressed during the cell cycle have been identified in yeast and other organisms. Many of these genes have specific roles in the cell cycle, and their expression peaks coincide with the phase during which they function. Much has also been learned about transcription factors (TFs) that are involved in the regulated expression of periodic genes, and about mechanisms to integrate TF activity with overall cell-cycle control. Phase-specific control of gene expression appears to be a universal feature of the cell-division cycle. Genomewide studies of transcription and its regulation in proliferating cells are now starting to provide a global perspective on this aspect of cell-cycle control (29, 63, 159, 168a, 171) .
This review summarizes the current knowledge of cell cycle-regulated transcription in both budding yeast (Saccharomyces cerevisiae) and fission yeast (Schizosaccharomyces pombe), revealing similarities as well as intriguing differences between these two distantly related model organisms. Cell cycle-regulated transcription and its integration with overall cell-cycle control has been worked out in greater detail for budding yeast, but fission yeast provides a valuable complementary system that can give unique insight and help to define universal principles, as it does in other fields (59). A main focus is on recent data obtained through global genomic approaches; for more comprehensive surveys of the older data, the reader is referred to previous reviews (26, 99, 157) . In both yeasts, transcriptional control during the G1/S transition (initiation of DNA replication) has been most widely studied, but recently much progress has also been made in dissecting the regulation of transcription during other cell-cycle phases such as the G2/M transition (entry into mitosis) and the M/G1 transition (exit from mitosis).
REGULATION OF GENE EXPRESSION PEAKING DURING G1/S MBF and SBF Transcription Factor Complexes
At the end of G1-phase, cells decide whether to commit to cell division in a process called Start in yeast or restriction point in mammalian cells. The transcript levels of several genes increase during late G1, promoting the initiation of DNA replication and other events of the G1/S transition. In budding yeast, two related TF complexes activate the expression of these genes: MBF (MCB-binding factor; also known as DSC1, for DNA synthesis control complex) and SBF (SCB-binding factor). The MBF complex consists of two protein components, Mbp1p and Swi6p, and binds to regulatory promoter sites named MCB (MluI cell-cycle box), because they are related to the recognition site of the MluI restriction enzyme (Table 1) (26, 81) . These MCB elements are both necessary and sufficient for cell-cycle-regulated transcription (94, 113) . The SBF complex consists of Swi4p and Swi6p and binds to promoter sites named SCB (Swi4/6-dependent cell-cycle box) ( which are sufficient to promote G1/S-specific transcription in heterologous genes (8, 9, 27, 124). The highly similar Mbp1p and Swi4p proteins are the DNA-binding components of MBF and SBF, respectively, while Swi6p plays a regulatory role in both TF complexes (52, 93, 124, 133) . All three proteins contain ankyrin repeats within a central domain, indicating a common ancestry (23, 27) .
In fission yeast, a related MBF/DSC1 TF complex also activates gene expression during the G1/S transition by binding to MCB promoter sites, which are conserved between the two yeasts ( Table 1) (10, 32, 95, 102, 116, 155, 174) . The fission yeast MBF complex contains Cdc10p and at least two additional, related ankyrin-repeat proteins, Res1p and Res2p, which bind to Cdc10p at their C termini, whereas their N termini contain DNA-binding domains and are involved in heterodimer formation with each other (11, 12, 165, 175) . The fission yeast MBF complex also plays an important role during premeiotic DNA replication, after minor modifications in its composition and with altered target gene specificity (11, 44, 50, 105, 110) . During budding yeast meiosis, a subset of DNA replication genes are regulated by MBF, while the meiotic regulation of the cyclin gene CLB5 is independent of MBF yet still requires MCB promoter elements (134) . Swi4p is also regulated at the transcriptional level, both by ECB binding sites in its promoter acting during M/G1 progression (see below) and by a positive feedback involving SBF and MBF (60, 108, 112, 145) . In G2-phase, MBF-and SBF-mediated transcription is switched off through the Clb1/2p-Cdk1p CDK complex (6, 82, 148), which is itself activated by a combination of events following transcriptional activation of CLN1 and CLN2 by SBF and MBF (Figure 1 ) (reviewed in 63). Moreover, phosphorylation of Swi6p by the Clb6p-Cdk1p CDK, which is also transcriptionally activated by SBF and MBF, leads to nuclear export of Swi6p during S-phase, whereas dephosphorylation of Swi6p by the mitotic exit phosphatase Cdc14p leads to nuclear import of Swi6p during G1-phase (64, 143). The Paf1-RNA polymerase II complex is specifically required for full expression of many SBF-and MBF-regulated genes but not for their periodic regulation (131) .
In fission yeast, MBF is constitutively bound throughout the cell cycle to the MCB site in the promoter of the cdc18 target gene (169), although it activates transcription specifically in late G1-phase. The role of CDK in MBF regulation is less clear than for budding yeast. It has been suggested that activation of MBF-dependent gene expression is triggered by Cdk1p/Cdc2p CDK during G1-phase (135) , and Cdk1p activity has been reported to be required for Cdc10p/Res1p complex formation (38). However, other data indicate that MBF activity itself is unlikely to be controlled by CDK (18). Instead, the Pcl-like cyclin Pas1p, when associated with its kinase partner Pef1p, may activate MBF during the G1/S transition (154) . Additional proteins such as Rep2p are crucial for regulating the activity of the MBF complex (18, 122, 151, 164). Transcript levels of Rep2p, Cdc10p, and Res2p slightly increase coincident with MBF target genes (126, 138) . It has also been hypothesized that an activator of MBF-regulated transcription is degraded by the SCF ubiquitin ligase during S-, G2-, and M-phases, when MBF is inactive (172) . Moreover, the cyclin Cig2p, whose periodic transcription is dependent on MBF, inhibits MBF activity in G2-phase by negative feedback through binding to Res2p and phosphorylation of Res1p by Cdk1p-Cig2p CDK (13). cig2 expression is slightly delayed relative to the expression of other MBF target genes, suggesting that cig2 may be subject to somewhat different cell-cycle controls (17). and SBF have been globally mapped using a combination of chomatin immunoprecipitation and microarrays (75, 145). These studies have identified about 200 new putative targets, although genome-wide datasets can be noisy when used on their own. MBF and SBF have partially redundant functions as reflected by the substantial overlap between their target genes. However, both factors also play distinct roles: Genes bound by SBF predominantly function in budding as well as membrane and cell-wall biosynthesis, while MBF binds many genes involved in DNA replication and repair (75, 145). The functional specialization of MBF and SBF may allow for independent regulation of distinct molecular processes that normally occur at the same time during the budding yeast cell cycle.
Genes Regulated by SBF and MBF
Although SBF and MBF bind to the promoters of more than 200 genes, they are associated with only a minority of the genes whose transcript levels peak at the G1/S transition in budding yeast. Additional regulators, such as Skn7p and Stb1p, appear to contribute directly to G1/S transcription (15, 25, 43, 90, 91). Some functions of Mbp1p such as budemergence require its interaction with the response regulator Skn7p instead of Swi6p (25, 118). Moreover, SBF activates at least nine additional TFs that in turn induce the expression of further genes during the G1/S transition (71). Although these factors functionally overlap to some degree with SBF and MBF, they each also have specialized functions. Most of these TFs bind to the promoters of yet other TFs involved in cell-cycle progression and/or differentiation. Thus, SBF launches a complex transcriptional cascade, and a large network of TFs is involved in coordinating processes at the beginning of the budding yeast cell cycle (71).
In fission yeast, more than ten MBF target genes have been reported (102, (127, 138) . Genes whose expression is regulated by MBF mainly function in DNA replication or cell-cycle control. Unlike in budding yeast, genes for membrane and cell wall formation do not appear to be regulated, possibly reflecting differences in the growth cycles and the absence of an SBF complex in fission yeast.
REGULATION OF GENE EXPRESSION PEAKING DURING G2/M
Although the factors regulating G1/S transcription have been known for many years, the identification of factors that regulate the G2/M transcriptional program promoting entry into mitosis was more difficult, because genetic analyses proved elusive. Studies of the SWI5 promoter in budding yeast revealed that its periodic expression requires Mcm1p, which binds to promoters as a dimer together with a ternary complex factor initially termed SFF (Swi five factor) (4, 97, 100). Mcm1p is a ubiquitous MADS-box TF similar to human serum response factor; MADS box proteins are combinatorial TFs that often derive their regulatory specificity from accessory factors (115, 142, 158) .
Forkhead Transcription Factor Complexes
At the beginning of the new millenium, a series of elegant studies unmasked the identity and control of SFF in budding yeast, making it the best understood mechanism of cell cycle-regulated transcription. 
Cell Cycle-Regulation of Forkhead Activity
Fkh2p and Mcm1p remain bound at promoters of G2/M-regulated genes throughout the cell cycle (4, 83). The periodic activity of this transcription complex is regulated by an additional factor, the coactivator Ndd1p (83, 96, 136). Ndd1p is essential for the G2/M transition and for activating gene expression of G2/M-regulated genes, and it associates with promoters of these genes in a Fkh2p-Mcm1p-dependent manner. Ndd1p is regulated both transcriptionally and via protein stability, and protein levels peak during S-and G2-phases. Loss of Fkh2p function suppresses the requirement for Ndd1p, indicating that Fkh2p also plays a negative regulatory role in transcription (83).
Amon et al. (6) have proposed that the Clb1/2p-Cdk1p kinase functions in a positive feedback loop to induce transcription of the cyclin genes CLB1 and CLB2 (Figure 1) . Recent data give insight into the mechanism of this regulatory circuit. Fkh2p is phosphorylated by Clb5p-Cdk1p CDK, thus triggering recruitment of Ndd1p to promoters bound by the Fkh2p-Mcm1p complex (128) . The Ndd1p-Fkh2p interaction is further stabilized upon phosphorylation of Ndd1p by Clb2p-Cdk1p CDK, leading to a specific association with the forkhead-associated (FHA) domain of Fkh2p (45, 136) , which is a conserved phosphopeptide recognition site (56, 57). Transcription of CLB1 and CLB2 during the G2/M transition is directly activated through this association of Ndd1p with Fkh2p-Mcm1p (28, 62, 76). In addition, Fkh2p itself becomes phosphorylated before mitosis (129) , but whether this contributes to the regulation of G2/M transcription is not known. Morris et al. (121) showed that Cks1p, a conserved CDK-interacting protein, activates G2/M transcription of the CLB2 cluster gene Cdc20p by recruiting the proteasome to its promoter. The proteasome has been implicated in transcriptional control in addition to its well-known proteolytic role (65), but whether Cks1p also contributes to the regulation of other CLB2 cluster genes remains to be determined.
Forkhead-Dependent Transcription in Fission Yeast
Knowledge of the transcriptional regulation during the G2/M transition is more limited in fission yeast, although a partially similar picture is emerging. The fission yeast genome contains four TFs of the forkhead family: Mei4p appears to function specifically in gene transcription during the meiotic nuclear divisions (1, 72, 105). SPAC1142.08 is highly similar to budding yeast Fhl1p that controls ribosomal protein gene expression (104; and references therein), and it does not appear to affect cell-cycle transcription (30; G. Rustici & J. Bähler, unpublished data). Evidence is accumulating that the two other forkhead proteins, Sep1p (137, 146) and SPBC16G5.15c (Fkh2p), are involved in transcriptional activation during M-phase. Sep1p is required for periodic expression of cdc15 whose transcript levels peak during early mitosis (58, 176). Microarray analyses revealed that Sep1p is involved in activating transcription of dozens of additional genes during mitosis (Figure 2 ) (138). These genes are also significantly enriched for TF binding sites similar to the conserved binding sites of forkhead proteins (Table 1) (72, 79, 129, 130, 138, 173) . Fkh2p, which is the closest homolog to budding yeast Fkh2p, also appears to function in transcriptional regulation during the cell cycle, because several mitotically induced genes show constitutive expression in its absence (30, 31). Intriguingly, basal transcription levels of mitotic genes are increased in the absence of Fkh2p, whereas they are decreased in the absence of Sep1p (31, 138). This indicates that Fkh2p, unlike Sep1p, has roles in repressing transcription at some stages of the cell cycle. Overproduction of Fkh2p is lethal in wild-type cells but not in sep1 mutants, suggesting that Sep1p is required for Fkh2p function (30). Further work is needed to establish whether and how Sep1p and Fkh2p function together to regulate periodic cellcycle transcription during mitosis in fission yeast.
As in budding yeast, there is evidence that a MADS-box TF (Mbx1p) functions together with Fkh2p in transcriptional regulation (30). Unlike in budding yeast, however, Forkhead binding sites do not seem to be accompanied by Mcm1 sites (127, 138) . Mbx1p is part of an uncharacterized TF complex named PBF (PCB binding factor) that binds to a short promoter site called PCB (pombe cell-cycle box; Table 1) (7, 30). The genes with a PCB site also contain Forkhead binding sites (3, 31, 138), and it is possible that the combination of these two motifs provides the platform required for combinatorial control by forkhead and MADS-box TFs. The polo kinase Plo1p, whose transcript is induced during mitosis, regulates PBF activity and may therefore provide a positive feedback mechanism to activate mitotic gene transcription (7).
Fission yeast contains no clear orthologs of budding yeast Ndd1p, and it is not known how transcription during mitosis is activated.
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Figure 2
Expression profiles of 39 Sep1p-dependent genes with peak transcript levels around mitosis in fission yeast. Some of these genes are direct targets of Sep1p, whereas others are indirectly activated by Sep1p via its target gene Ace2p. Blue profiles: cell-cycle synchronization using cdc25 block-release (whole culture synchronization); green profiles: cell-cycle synchronization using centrifugal elutriation (selective synchronization). Two cell cycles were followed in each experiment, and transcript levels relative to unsynchronized cells were measured in 15-min intervals using DNA microarrays (138). The approximate timing and duration of M-phases are indicated by bars above the graphs.
Intriguingly, only Fkh2p contains a potential FHA domain while Sep1p does not (31). Transcription of fkh2 but not of sep1 is regulated during the cell cycle, although expression levels peak relatively late, coinciding with those of the target genes (31, 138, 176). Accordingly, the fkh2 promoter contains a Forkhead binding site (138), raising the possibility that Sep1p and/or Fkh2p activate fkh2 transcription, either as a positive feedback or, given the negative role of Fkh2p in transcription, to switch off mitotic transcription in a negative feedback. Similarly, there is also evidence in budding yeast that Fkh1p and Fkh2p themselves activate FKH2 transcription (70). As in budding yeast, Fkh2p is phosphorylated during mitosis coincident with increased transcription of target genes (31). It has also been proposed that the Cdk1p CDK controls the activity of Sep1p based on genetic interactions between sep1 mutants and mutants in cdk1 or in genes for Cdk1p regulators (cdc25 and wee1) (66). The TFIIH-associated CDK-activating kinase (Mcs6-complex) seems to be particularly important for Sep1p-regulated gene expression in fission yeast, a function that is probably independent of CDK activation (89).
REGULATION OF GENE EXPRESSION PEAKING DURING M/G1 The Mcm1p Transcription Factor
In budding yeast, the MADS-box protein Mcm1p also plays a role in the transcription of genes whose expression levels peak during mitotic exit. A promoter element named ECB (early cell-cycle box) contains a Mcm1 binding site and functions in the periodic transcription of genes during the M/G1 transition (112, 148) . Genes for regulatory proteins such as the SBF component SWI4 and the cyclin CLN3, which are transcriptionally activated in late mitosis through ECB elements, are rate limiting for G1 progression (see above) (98, 101, 112) . Mcm1p binds constitutively to ECB sites (101) , and M/G1 specificity may be conferred by timed transcriptional repression: Two homeodomain proteins, Yox1p and Yhp1p, bind to typical homeodomain binding sites upstream of the Mcm1 binding sites in ECB (Table 1) , and they act as repressors restricting gene transcription from ECB promoters to the M/G1-phase of the cell cycle (132) . Yox1p itself is transcriptionally activated by the SBF complex (71, 75, 145); Mcm1p is thus setting up a negative feedback loop that determines the duration of ECB activity (Figure 1) . Yhp1p is transcribed later in the cell cycle and helps to maintain ECB repression until late M-phase (132) .
The Ace2p and Swi5p Transcription Factors
The two related TFs Swi5p and Ace2p also activate transcription of genes during the M/G1 transition in budding yeast (53). Like the MBF/SBF and Fkh1p/Fkh2p TF pairs described above, Swi5p and Ace2p have overlapping but also specialized functions in transcriptional control (54, 55, 108, 145 arates mother and daughter cells, and cellular identity or fate can change. Swi5p and Ace2p activate several genes with roles in cell separation (20, 53, 55). Moreover, these two TFs also function in specifying the identities of mother and daughter cells, together with one of their target genes, the TF Ash1p. Both Ace2p and Ash1p accumulate exclusively in daughter cells and control daughter cellspecific gene expression (19, 22, 36, 144, 153, 162) . Ace2p also functions in the G1 delay specific to daughter cells (87). G1-specific transcription of the HO endonuclease gene that initiates mating-type switching requires both Swi5p and SBF; the ordered stepwise recruitment of chromatin remodeling complexes, TFs, and RNA polymerase II complexes to the HO promoter during the cell cycle has been studied in some detail (41, 84).
Cell Cycle-Regulation of Ace2p and Swi5p Activity
ACE2 and SWI5 are themselves transcriptionally activated during the G2/M transition by the Mcm1p-Fkh2p complex described above (Figure 1) (97, 145, 173) . In addition, the nuclear localization of Swi5p is negatively regulated by Clb2p-Cdk1p CDK: Proteolysis of Clb2p during anaphase leads to dephosphorylation of Swi5p, which then accumulates in the nucleus to activate transcription of target genes (117, 123, 161) . Ace2p, on the other hand, is positively regulated by phosphorylation: A signaling network named RAM (regulation of Ace2p activity and cellular morphogenesis) culminating in activation of the Mob1p-Cbk1p kinase complex activates both Ace2p and polarized growth (20, 125, 162) . The functional architecture of RAM signaling is similar to the mitotic exit network (MEN) and septation initiation network (SIN) in budding and fission yeast, respectively (16, 109). RAM acts together with MEN to promote daughter cell-specific localization of Ace2p, and it coordinates Ace2p-dependent transcription with MEN activation at the end of mitosis (162). 
Ace2p in Fission Yeast
A fission yeast homolog of Ace2p has recently been characterized and given the same name (103) . As in budding yeast, Ace2p is required for cell separation, and it activates the transcription of eng1 that functions in degradation of the cell division septum. Ace2p controls the expression of several additional genes whose transcript levels peak in M/G1-phase (Figure 2) , and these genes are enriched for a binding site similar to the Swi5 site in budding yeast (Table 1) (3, 138) . (103, 146) . It is possible that the Sep1p-Ace2p pathway contributed to the evolution of single-celled fungi (14).
TRANSCRIPTIONAL REGULATORY NETWORKS
The three main transcriptional waves described above do not act in isolation but are integrated with the cell-cycle machinery, with each other, and with additional clusters of periodically transcribed genes at other phases of the cell cycle. In recent years, much has been learned about transcriptional regulatory networks of the cell cycle through elegant genome-wide approaches pioneered with budding yeast (reviewed in 29, 63, 159,  168a, 171 ). This work revealed a serial regulation of TFs, whereby transcriptional activators functioning during one stage of the cell cycle regulate activators functioning during the next stage, thus resulting in a continuous cycle of interdependent waves of transcription (Figure 3) . In late G1, the MBF and SBF complexes activate transcription of NDD1, whose gene product in turn activates 
, and Ace2p, which all act in M/G1, then close the circle either directly by inducing transcription of the SBF gene SWI4, or indirectly by inducing transcription of the cyclin gene CLN3, whose product then activates both SBF and MBF. In addition, the transcriptional network is driven by complex overlying layers of posttranslational regulation such as phosphorylation, protein degradation, and protein localization, some details of which were described in the previous sections (Figure 1) . As illustrated by the regulation of the SBF/MBF and forkhead TF complexes described above, promoter prebinding of inhibited TFs that wait for a cell-cycle signal to activate transcription seems to be a general regulatory principle (78, 168a, 171).
Recent microarray experiments with fission yeast identified periodically transcribed genes clustered into four major waves of expression according to the time of their peak expression levels (127, 138) . The forkhead protein Sep1p regulates mitotic genes in the first cluster including Ace2p, which then activates transcription in the second cluster during the M/G1 transition. Other genes in the second cluster required for G1/S progression are regulated by MBF independently of Sep1p and Ace2p (Figure 3) . The third cluster coincides with S-phase, while a fourth cluster contains genes weakly regulated during G2-phase.
The three main cell-cycle transcriptional regulators or complexes are conserved between fission and budding yeast, and at least some of these TFs and promoter binding sites are also conserved in Metazoa. For example, forkhead proteins regulate the expression of mitotic genes such as cyclin B and polo kinase also in mammalian cells (5, 88), and many parallels are evident between the yeast MBF complex and the human E2F-DP heterodimer with regard to structure, function, target genes, and binding sites (29, 86, 156) . In budding yeast, pairs of transcriptional activators exhibit partially redundant functions (Ace2p and Swi5p, MBF and SBF), while fission yeast appears to rely on only one complex at each stage (Figure 3) . Despite the similarities between the main transcriptional activators, the regulatory networks show major differences in circuitry reflecting differences in cell-cycle phasing between the two yeasts (Figure 3) . In fission yeast, Mand G1-phases take place within ∼20% of total cell-cycle duration (99) . Accordingly, peak transcription levels of ∼80% of the highly regulated periodic genes are concentrated in a short window, during which all known cell-cycle TFs function (138). In budding yeast, the functions of the main transcriptional regulators are spread more evenly over the cell cycle due to longer G1-and M-phases but short G2-phase (Figure 3) . The transcriptional cascade from forkhead to Ace2p regulators acting during M-and G1-phases is conserved in fission yeast (3, 30, 138), whereas other aspects of the transcriptional network are clearly different. The MBF complex, which regulates G1/S progression in both yeasts, acts downstream of Ace2p and Swi5p and upstream of the forkhead complex in budding yeast (145, and references cited therein), while it functions in parallel to, and independently of, Ace2p and Sep1p in fission yeast (138). The absence of a distinct G1-phase in fission yeast means that mitotic exit (controlled by Ace2p) and initiation of Sphase (controlled by MBF) coincide, which is reflected in the regulatory circuit (Figure 3) . Unlike in budding yeast, transcriptional activators in fission yeast probably do not form a fully connected cyclic network. The long G2-phase (∼70% of cell cycle), during which mainly weakly regulated genes and no obvious transcriptional activators are expressed, is unlikely to be bridged by transcriptional control (138). Moreover, Ace2p is the only known cell-cycle TF in fission yeast whose transcription is strongly regulated and also peaking ahead of its target genes. It is therefore likely that in fission yeast posttranslational mechanisms are relatively more important to
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regulate periodic transcription during the cell cycle.
There are still large gaps in our knowledge, and the real picture of the transcriptional cellcycle network is certainly more complex than conveyed in Figures 1 and 3 . For many periodically expressed genes, the mechanisms responsible for their cell-cycle regulation are not known. For example, the TFs activating histone gene expression are not known in either yeast, even though these were the first genes that had been identified as periodically expressed, and potential TF binding sites have been described (10, 61, 67, 106, 107). Unlike the binding sites for the main transcriptional regulators described above (Table 1) , the histone promoter sites are not conserved between budding and fission yeast. It is possible that SBF contributes to histone transcription in budding yeast as it binds to several histone gene promoters (145). Two proteins, Hir1p and Hir2p, act as transcriptional repressors that function in periodic transcription of histone genes in budding yeast (141, 147). Fission yeast Hip1p, which is closely related to Hir1p and Hir2p, is similarly required for repression of histone gene expression outside of S-phase, but histone mRNA levels also appear to be positively regulated by an unknown factor (21). Little is known about the regulation of genes whose transcript levels peak during G2-phase in fission yeast. It is possible that the transcript levels of some genes are regulated at the level of mRNA stability.
Furthermore, many genes are regulated by different combinations of TFs, and several regulators such as Mcm1p can act at various cell-cycle stages, adding additional gene expression modules to the network (15, 71, 73, 90, 145). For example, some genes appear to be regulated by a combination of SBF and forkhead, and some genes are regulated by forkhead independently of Mcm1p. CDC20 is an example for genes with a promoter that contains binding sites for the Mcm1p-Fkh2p complex together with an ECB element that binds Yox1p/Yhp1p and Mcm1p. These genes are expressed at intermediate times between the two transcriptional waves promoted by either individual regulator complex, and they continue to be periodically transcribed if either regulatory pathway is disrupted (132, 173) . Kato et al. (78) recently showed that regulation is frequently relayed from a TF acting earlier to a TF acting later via combinatorial, joint-phase control of the two TFs to regulate gene expression at intermediate times; this means that two cooperating TFs can generate at least three peaks of gene expression, which could explain the continuum of peaks observed over the cell cycle. Thus, combinatorial control of cell cycle-regulated transcription greatly contributes to the complexity and sophistication of periodic gene expression.
CONSERVATION AND IMPORTANCE OF CELL CYCLE-REGULATED TRANSCRIPTION
Genome-wide studies of the gene expression program during the budding yeast cell cycle identified about 400 to 800 periodically transcribed genes (35, 148). A corresponding study in fission yeast revealed about 400 genes, but only 136 of these genes exhibited high-amplitude cell cycle-dependent changes comparable to those in budding yeast (138). Another microarray analysis reported a less conservative list of >700 cell cycleregulated S. pombe genes (127), although no data on reproducibility are available and many of these genes show marginal periodicity in expression profiles. Overall, more genes appear to be strongly regulated during the cell cycle in budding yeast compared with fission yeast. For example, transcriptional regulation of nine different cyclin genes helps to drive both the transcriptional network (Figure 1 ) and the cell cycle in budding yeast (29, 63, 119, 145, 148). In fission yeast, only one cyclin gene (cig2) is strongly regulated and two others (cdc13, cig1) show weak regulation (37, 126, 138). The weak transcriptional regulation of cdc13 and cig1 might be an evolutionary remnant, or this regulation could become more important, and more pronounced, when the cell cycle slows down, e.g., during fluctuations in available nutrients. These observations indicate that fission yeast relies less on transcriptional control for cellcycle regulation than does budding yeast, and therefore posttranslational mechanisms may play relatively more important roles.
Periodic gene expression that has been conserved through evolution is likely of more general biological significance for proper cellcycle function. It is striking that genes for glycosylphosphatidylinositol-modified (GPI) cell surface proteins (47) are significantly enriched among periodically transcribed genes in both yeasts (14 of 33 S. pombe genes and 27 of 66 S. cerevisiae genes encoding GPI proteins; P < 10 −4 ; J. Mata & J. Bähler, unpublished data). De Lichtenberg et al. (49) reported that periodically expressed budding yeast genes encode proteins that tend to share combinations of certain protein features such as phosphorylation, glycosylation, and instability that help to distinguish these proteins with high confidence. On the other hand, periodic gene expression is not necessarily conserved between budding and fission yeast (163). To obtain a conservative estimate of orthologous genes that are periodically expressed in both yeasts, Rustici et al. (138) determined the overlap between the genes reported as periodic in both studies of budding yeast (35, 147) and the genes periodically expressed with high amplitude in fission yeast (Figure 4) . Although the resulting overlap of about 40 genes is highly significant, it is also surprisingly small. Less conservative comparisons reveal ∼80-140 genes that are cell cycle-regulated in both yeasts, but a substantial number of these would be expected by chance given the sizes of gene lists involved (Figure 4) (127, 138) . This suggests that cell cycle-regulated transcription of the majority of genes has been poorly conserved through evolution. Genes listed in Table 2 are part of a core set of cell cycle-regulated transcripts. Most of these genes have well-characterized and conserved regulatory functions in basic processes such as DNA replication, mitosis, and/or cell division. The majority of the genes in Table 2 are conserved in Metazoa and are also cell cycle-regulated in human cells (166, and references cited therein). Why has the transcriptional regulation of this relatively small core set of genes been conserved through evolution? It is possible that periodic transcription of these genes is critically important for driving progression through the cell cycle. Perhaps they are genes that must be highly regulated to ensure orderly progression, or they are required in relatively large amounts and with peak demands such as the histones. Some genes (e.g., those encoding histones) could also be regulated to provide a fresh pool of unmodified proteins to override previous posttranslational modifications, thus allowing the cells to start with a blank sheet. Consistent with this, transcriptionally regulated proteins tend to be regulated also at posttranscriptional levels (48). Uncoupling of histone transcription from the cell cycle is not necessarily lethal for cells (141), but production of histones in correct stochiometric amounts is important as increased expression of one class of histone relative to another causes increased chromosome loss (114) . In addition, restriction of histone gene transcription to S-phase could be necessary to prevent regular histones from competing with histone variants for incorporation into chromosomes of nonreplicating cells. Consistent with this idea, the gene for the fission yeast centromere-specific histone variant CENP-A (cnp1) is periodically expressed earlier in the cell cycle than the regular histones (152).
What is the biological significance of cell cycle-regulated transcription, especially for those genes whose periodic expression is not conserved? The standard experiment to check the importance of transcription, constitutive expression of genes that are normally cell cycle-regulated, has produced only a few examples of its significance (26). In a fkh1 fkh2 double mutant, cell-cycle regulation of many G2/M-phase genes becomes constitutive, but the cells remain viable and are quite healthy (173) . It is therefore possible that regulation of most periodic genes is not absolutely required, but together they may enhance the fidelity and efficiency of the cell-division cycle. It is reasonable to assume that timely supply of products reflecting the demand of the cells will help the cell cycle to run smoothly and efficiently, which is as important for a reiterated essential process as execution of the process itself.
Clearly, many cell-cycle proteins are regulated at multiple and partly redundant levels, and it is the overall regulation that is likely to be important. Recent data show that protein complexes functioning during the cell cycle consist of both periodically and constitutively expressed subunits in budding yeast; the former are frequently also regulated by additional mechanisms such as CDK phosphorylation and targeted degradation and may thus play crucial and dynamic roles in controlling protein complex activity during the cell cycle (48). This system ensures the supply of new, unmodified CDK targets with special regulatory roles in each cell cycle. Transcriptional control should therefore not be considered in isolation. Although the absence of transcriptional control in rapidly proliferating yeast cells could be buffered by faster acting posttranscriptional and posttranslational regulation, transcription might become more important in driving the cell cycle when nutrient limitations slow down growth and proliferation, and/or it might help to kick start the cell cycle when nutrients increase.
It has been argued that the large number of reported cell cycle-regulated genes should be treated with scepticism, because the observed periodicity of many genes might reflect a stress response induced by cell-cycle synchronization (39). In fission yeast, this could be the case for the mainly weakly regulated genes whose transcripts peak during G2-phase, and which overlap significantly with genes modulated during environmental stress (34, 138). However, this would imply that cells are more responsive or more sensitive to stress during G2-phase and periodically repeat the stress response in subsequent cell cycles.
It has been suggested that parsimony may explain much of cell cycle-regulated transcription (148, 166), whereby genes are expressed when there is a special need for their products at a particular phase in the cell cycle, and these needs can differ between organisms. For example, the periodic induction of several genes functioning in metabolism and growth occurs during early G2-phase in fission yeast, at a time when these cells increase their overall growth rate after a switch from monopolar to bipolar growth mode (138). On the other hand, genes for bud emergence and growth in budding yeast are expressed during G1-phase, reflecting the particular biology of these cells (148).
Genes for spatial landmark proteins in budding yeast illustrate that periodic transcription can regulate organism-specific roles such as cellular morphogenesis (138). Bud8p and Bud9p are homologous membrane
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proteins that mark the distal and proximal cell poles, respectively, and their transcripts peak at different times in the cell cycle. The importance of transcriptional timing was shown by elegant promoter-swap experiments between BUD8 and BUD9, which results in mislocalization of both gene products to the opposite poles of the cell (139).
An intriguing possibility is that CDKs and cyclins originally functioned in transcriptional control before evolving into the key regulators capable of driving the cell cycle through a free-running oscillation in activity. This transition could have led to a cell-cycle machinery that relies less on transcriptional regulation to drive cell proliferation. In accordance with this hypothesis, some members of the CDK family can control the initiation and elongation of transcription, and cyclins are structurally similar to the basal transcription factor TFIIB and the RB transcriptional regulator (reviewed in 74, 119) . Even the main cell-cycle CDK in S. cerevisiae, Cdk1p, has additional roles in transcriptional regulation (121) . In S. pombe, the Mcs6 CDK complex not only activates the Cdk1p CDK but is also critical for cell cycle-regulated transcription (89).
SUMMARY POINTS
1. Major cell-cycle TFs (MBF, forkhead, and Ace2p) and their binding sites are conserved in budding and fission yeast and to varying degree also in Metazoa, and they function at corresponding cell-cycle phases (initiation of DNA replication, entry and exit from mitosis).
2. Despite functional conservation of three major cell-cycle TFs, there are clear differences in the circuitry of the regulatory networks between budding and fission yeast, probably reflecting a rewiring during evolution to adjust for differences in cell-cycle phasing between the two yeasts.
3. More genes appear to be strongly regulated during the cell cycle in budding yeast compared to fission yeast, raising the possibility that the latter relies less on transcriptional control for cell-cycle regulation, and posttranscriptional mechanisms may play relatively more important roles.
4
. Surprisingly, periodic transcription of most genes is not conserved between the two yeasts, except for a relatively small core set of genes that mainly function in basic cell-cycle processes such as mitosis, cytokinesis, and DNA replication. Most genes of this core set appear to be universally regulated during the eukaryotic cell cycle, and they may play key roles in controlling cell-cycle progression.
5. DNA microarrays and other genome-wide methods are now providing global perspectives on the system underlying cell cycle-regulated gene expression and its integration with other aspects of the cell-cycle machinery.
6. As in other research areas, comparative studies between the two distantly related yeasts are proving fruitful for the elucidation of basic features and critical targets of transcriptional networks during eukaryotic cell cycles. Such studies also aid our understanding of the evolutionary plasticity of transcriptional regulation, and provide insight into the overall biological significance of cell cycle-regulated transcription. 
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